X-ray scattering was used to study the temperature dependence of the profile structure of polymerized 10,12-tricosadiynoic acid salt multilayers. The stacking periodicity of the multilayers was found to decrease with increasing temperature due to the conformational changes of the alkyl chains. When the samples were fully hydrated in water, the reflectivity measurement showed that the thermal fluctuations of the interfaces are enhanced with temperature, resulting in reduced ordering. Meanwhile, the diffuse scattering indicated that the thermal fluctuations renormalize the elasticity of the multilayers; both the bending and the compression moduli are reduced. Similar measurements performed in air, however, do not show this thermal enhancement although the stacking periodicity decreases in the same manner. It is implied that water might weaken the interaction between the carboxyl groups and the metal ions so that the polymerized bilayers are softened in water.
I. INTRODUCTION
Self-assembled multilayers of amphiphilic molecules have long been the subjects of intensive studies due to their potential applications in optical and electronic devices. [1] [2] [3] They are also expected to be suitable as ultrathin separation layer for gas separation or ultrafiltration membranes. 4, 5 Understanding the functions of the multilayers requires detailed information about their structures. It is therefore not surprising that a tremendous amount of work has been contributed to this subject. 6, 7 Most of the structural studies reported so far were performed at room temperature in air. In contrast to this fact, however, almost all of the methods used to produce the multilayers, such as the Langmuir-Blodgett ͑LB͒, 8 the self-assembly and the spin-coating techniques, 9 involve the interaction between the membranes and water. Recently, a fascinating progress has been made to use ordered structure of amphiphiles as templates to direct the growth of organic/ inorganic hybrid materials. [10] [11] [12] [13] Again, water plays an important role in the process.
Beside the application-oriented researches mentioned above, the multilayered fatty acids and their salts, often treated as prototype for organized molecular structures, are of academic interest, too. Fatty acids belong to a class of surfactants that are different from phospholipids. The singlechain fatty acid surfactants self-assemble in water in a different manner than the double-chain phospholipids. For instance, their phase diagrams are qualitatively different. 14, 15 One expects that the thermal behavior of the multilayers composed of them should be different, too. A number of studies have been reported on the profile structures of the multilayered phospholipids in excess water. 16, 17 But to the best of our knowledge, there has not yet been such a report on the thermal behavior of the multilayered fatty acid at the solid-liquid interfaces. Comparing the thermal behaviors of the fatty acid and the phospholipid multilayers should be of great importance because the difference between them can be used as criterion for various models proposed for the thermal dynamics of the membranes. The molecular arrangement in the multilayer is typically due to a competition between the average molecular area constraint imposed by the head group and the particular packing preferences of the alkyl tails. 18 Due to the strong interaction ͑sometimes in the form of covalent bonds͒ between the metal ions and the carboxyl groups, the effect of the infused water is expected to be weaker in the film of the fatty acid salts than in the film of the pospholipids. How does the water, mainly in the form of bound water, affect the thermal behavior of the fatty acid multilayer is still an open question.
Recently, a new method to fabricate oriented multilayers of amphiphiles has been invented. [19] [20] [21] In this method a small drop of surfactant solution is directly pipetted onto a substrate. Highly regular multilayered films of surfactants can be produced after the solvent evaporates slowly. The method is versatile and easy-to-operate. One does not need a complex machine such as the Langmuir trough to fabricate the multia͒ Author to whom correspondence should be addressed. Electronic mail: mingli@aphy.iphy.ac.cn layers. Moreover, this method is a good replacer for the LB technique when the surfactant's tail is too short, or when its hydrophilic head is too soluble, to form a stable monolayer on water. But the fabrication process relies on the solvent used to dissolve the surfactants. It must evaporate easily, and therefore, should be a kind of organic solvent. This means it is hard to introduce inorganic components into the structure. In order to fabricate an organic/inorganic hybrid film the as-deposited organic multilayers must be immersed into an aqueous solution to react with the inorganic reagents. The thermal stability of the organic multilayer in water is thus of interest and should be studied.
In this work, we report the x-ray scattering studies on the temperature dependence of the profile structure of oriented multilayers of polymerized 10,12-tricosadiynoic acid salts. Our main concern is the interaction between the head groups of the surfactants and water, and the thermal stability of the multilayers at elevated temperatures. Choosing polymerized film as the research subject helps to avoid dissolving of the surfactants into water so that the change in scattering intensity is limited to the inner structures of the film. Dissolving of the molecules or peeling-off of the membranes could lead to a misinterpretation of the observations. 22 We found that the water molecules can penetrate into the hydrophilic area, but the amount of them is small so that they do not affect the stacking periodicity of the multilayers. But water does weaken the interaction between the carboxyl groups and the metal ions so that the backbones of the polymerized chains are softened and the membranes fluctuate significantly at elevated temperatures. 2 ͒ in a chamber over a period of 12 h. The solution spreads spontaneously and the solvent evaporated slowly. The samples were kept in a desiccator for another 24 h at room temperature. After checking the structure by the x-ray reflectivity, the samples were separately immersed in CdCl 2 ͑0.01 mol L −1 ͒ solutions at 50°C for more than 48 h. It can be estimated that the film contains about 60 bilayers according to the area per molecule, the total spread area, and the volume of the solution pipetted. The polymerized samples used to study the thermal fluctuations were prepared as following. The asdeposited samples were irradiated by UV light ͑254 nm͒ for 10 min, and then immersed in the CdCl 2 ͑0.01 mol L −1 ͒ solution at 70°C for more than 48 h. The x-ray scattering experiments were performed on the 4 W1C beam line at the Beijing Synchrotron Radiation Facility. 23 The wavelength of the x-rays is 0.154± 0.001 nm. A sample cell of 4 mm thick is mounted on a five-circle Huber diffractometer. The temperature of the sample cell is controlled by a computerized thermostat with an accuracy of 0.05°C. The incident beam was confined by a 0.1 mm slit 300 mm before the sample and the scattered beam was confined by a 0.1 mm slit. The reflectivity scans were performed by keeping the incident angle equal to the exiting angle. The transverse diffuse scattering data were collected by rocking the sample, keeping the angle between the incidence and the reflection fixed. The detector was wide open in the out-ofplane direction to integrate effectively the scattering perpendicular to the scattering plane ͑along q y ͒.
II. EXPERIMENTAL DETAILS

III. RESULTS AND DISCUSSION
A. Reflectivity and electron density profiles
The x-ray reflectivity is sensitive to the stacking ordering of the sublayers in the oriented multilayers. It has been recently realized that the oriented multilayers supported by solids have advantages over the unoriented ones in the x-ray diffraction studies. 24 The scattered signals are greatly enhanced in the first case as more layers can contribute coherently to the Bragg diffraction. In the Born approximation, the intensity of the reflectivity is proportional to the absolute square of the Fourier transform of the electron density profile along the normal of the interfaces, 25, 26 I͑q͒ ϰ ͯ͵
where q =4 sin / is the momentum transfer perpendicular to the surface, S is the electron density of the substrate, L is the mean electron density of the alkyl chains, L is the spatially varying part of the electron density profile of a bilayer centered by metal ions, N is the total number of the bilayers, and d is the period of the multilayer. Note that S and L are measured relative to the medium in which the sample is embedded. The medium is either water or air in this work. Using f S = ͐ −ϱ 0 ͓ S − L ͔exp͓iqz͔dz to represent the reflection ͑form factor͒ of the substrate, f a = ͐ −ϱ 0 L exp͓iqz͔dz =−i L / q the reflection ͑form factor͒ of the mean electron density of the film, and
d/2 L ͑z͒exp͓iqz͔dz the form factor of a bilayer, Eq. ͑1͒ can be rewritten in a compact form
where
does not explicitly account for the thermal fluctuations. The form factor is thus the one which is convo-luted with the lattice fluctuations. The "true" form factor, which is averaged over the fluctuations within the bilayer only, can be obtained by taking into account explicitly the correlation between different bilayers in the film, 27 I͑q͒
͑3͒
with G mn = exp͓−q
where ␥ E is the Euler's constant and = k B T / ͑8 ͱ KB͒. B is the bulk modulus for compression and K the bending modulus of the membrane. The electron density of the substrate S is known for our samples. The mean electron density of the alkyl chains can be determined by other measurements. It can also be calculated if one knows the area per chain in the film. Fortunately, the relative intensities of the Bragg peaks are not sensitive to it. Since our purpose is to determine the electron density distribution of the bilayer, L can be simply chosen as that of the alkyl chains in the TCDA crystal. Following Salditt, 26 we choose a parametrization of the bilayers in terms of its first
Note that due to the mirror plane symmetry of the bilayer the phases of f L ͑q m ͒ at the Bragg points q m are reduced to their positive/negative signs only, facilitating the phase problem enormously. In fact, the correct choice of signs ͑up to orders m =4 or m =5͒ can in most cases be guessed from the knowledge of the basic bilayer profile. 26 There is a sheet of metal ions with very high electron density within each bilayer of our sample so that a positive sign can be safely designated to the peaks at least up to order 6.
The purpose of the structural analysis is to calculate L through Eq. ͑4͒. To the first-order approximation, the value of f L ͑q m ͒ can be estimated by measuring the square root of the integrated intensity of the mth Bragg peak. The electron density profile so obtained, together with those of the substrate and the alkyl chains, is substituted into Eq. ͑3͒ to calculate the reflectivity. The correct value of f L ͑q m ͒ at q m is finally obtained by comparing the calculated intensity ͓using Eq. ͑3͔͒ with the measured one at the mth Bragg peak. As compared with the box model method generally used in the literature, 28 the analyzing procedure presented here has the advantage that it is fast and model independent. It should be kept in mind, however, that the aforementioned calculation process focuses only on the peak intensities. It ignores the diffuse scattering that arises from the fluctuations of the membranes so that it may not be able to reproduce perfectly the shape of the peaks, especially the tails of the peaks. A more rigorous calculation should take into account the reflectivity and the diffuse scattering simultaneously. Nevertheless, Eqs. ͑3͒ and ͑4͒ are good enough for the purpose of getting the electron density profiles. [24] [25] [26] [27] We will therefore be satisfied with them and postpone the calculation of the diffuse scattering till the following section.
The as-deposited film is of good quality as can be seen from the reflection profile depicted in Fig. 1͑a͒ ͑curve a͒. The corresponding electron density profile is shown in Fig.  1͑b͒ ͑curve a͒ from which one sees clearly the hydrophilic carboxyl group with high electron density ͑ = 0.71 e /Å 3 ͒ and the electron-deficient layer ͑ = 0.01 e /Å 3 ͒ formed by the juxtaposition of the two hydrophobic ends of the chains. Also clear is the electron density of the unsaturated alkyne part ͑ = 0.32 e /Å 3 ͒ which is higher than the mean electron density of the saturated alkyl chains ͑ = 0.28 e /Å 3 ͒. These results are in agreement with the theoretical calculations according to the orientation and the configuration of the molecules in the films. 29 The interlayer spacing is calculated to be 42.1± 0.2 Å. After the sample has been immersed in the cadmium chloride solution at 40°C for a long period of time, cadmium ions penetrate into the hydrophilic area, replacing the protons that attach to the carboxyl groups. The intensity of the Bragg peaks is increased as shown in Fig. 1͑a͒ ͑curve b͒ because of the enhanced electron density contrast between the metal ions and the alkyl chains. The electron density of the hydrophilic layer increases significantly due to the heavy metal ions. By integrating the electron density profiles of the bilayers in both the as-deposited and the immersed samples, one sees that a bilayer in the immersed sample possesses about 44 electrons more than does the bilayer in the as-deposited sample. This value is almost equal to the number of electrons of a cadmium ion. After the replacement of the protons by the cadmium ions, the stacking order is not destroyed and the interlayer spacing remains the same. In the immersed sample, the strong static interaction between the cadmium ions and the carboxyl replaces the hydrogen bond between the carboxyl groups at the polar heads. This leads to some rearrangements of the alkyl chains so that the electron density of the electron-deficient part is increased.
The as-deposited diacetylene sample undergoes rapid polymerization when being exposed to UV light. But the x-ray diffraction profile indicated that the sample was comprised of two phases ͑data not shown͒, probably because the polymerization was not complete. The sample was therefore put into the CdCl 2 solution at 70°C for more than 48 h. The polydiacetylene film thus formed is homogeneous. The formation of a network of rigid conjugated backbone during polymerization is accompanied by the reorientation of the hydrocarbon chain of TCDA. 30 The stacking periodicity therefore increases from 42.1± 0.2 Å to 56.0± 0.2 Å ͑see Fig.  1͒ because the tilt angle of the chains decreases from about 45°to about 25°after polymerization. Meanwhile, the electron density of the diacetylene part is increased from 0.32 e /Å 3 to 0.36 e /Å 3 because the diacetylene segments aligned with those in adjacent monomers become more parallel to the bilayer plane. 31 On the other hand, the lattice strain on the polydiacetylene backbone disturbs the conjugation of the orbitals. This leads to conformational disordering of the side chains, i.e., the tails of the surfactants. As a result the electron density distributions of the hydrophilic layers, the electron-deficient layers and the conjugated parts all become more dispersed than that of the unpolymerized ones. The integrated electron density of the hydrophilic part is lower than that in the unpolymerized but immersed film, indicating that about 40% of the cadmium ions were lost during the chain rearrangement process when it was stored in water at 70°C. Still, the film exhibits a well-defined layered structure. Figure 2 shows the changes with temperature of the reflection of the polymerized film when it is in water ͓Fig. 2͑a͔͒ and in air ͓Fig. 2͑b͔͒. At room temperature, the reflectivity measured when the sample is in water is almost identical to that of the same sample when it is in air except that the overall intensity is lower in water than in air. The lowering in overall intensity is due to the fact that the effective electron density is lower in water than in air. The corresponding electron density profiles of the bilayer are depicted in Fig. 3 . The addition of thermal energy resulted in chain shortening by formation of kinks and jogs so that the stacking periodicity of the multilayer is decreased as the temperature is raised ͑Fig. 4͒. At each temperature, the change in periodicity of the film in water is identical to that in air within the experimental errors. It means that the chains themselves shrink in the same manner whether they are in water or in air. However, the reflection profile of the sample in water changes a lot as the temperature is raised, while it remains almost the same when the sample is in air. The decrease in intensity with temperature when the sample is in water is not of the Debye-Waller type because a DebeyWaller factor does not account for the tendency of the integrated intensity of the Bragg peaks. Neither it is due to the peeling-off of the monolayers like that observed for phospholipids reported in Ref. 22 because the reflection of the sample was recovered when the sample cell was cooled back to the room temperature.
The electron density profiles in Fig. 3 provide more complete view of the internal structure of the multilayers. It is noteworthy that the effect of the positional fluctuations of the bilayers has been explicitly included into Eq. ͑3͒ by the term G mn . The electron density profiles shown in Fig. 3 are therefore the true ones. The width of the peaks in Fig. 3 is determined by the fluctuations within the bilayers. The overall profile of the sample does not change much with temperature when it is in air. But the electron density of the hydrophilic layer decreases obviously with increase of temperature when the sample is in water. This is easily seen by comparing the relative height of the central peaks in the electron density profiles obtained at different temperatures ͓Fig. 3͑a͔͒. The calculation shows that the film loses some cadmium ions as the temperature is increased. For example, as compared to the sample at 323 K, about 9%, 15%, and 20% of the cadmium ions are lost when the sample is heated to 343, 349, and 351 K, respectively. The places which were occupied by the lost metal ions must now be recaptured by the protons from the point of view of charge neutralization. At the same time, water molecules may penetrate into the film to weaken the interaction between the carboxyl groups and the metal ions, rendering softness to the membranes. 14, 19, 32 This point will be discussed in more details later when the diffuse scattering profiles will be presented.
It is noteworthy that the observed thermal behavior of the fatty acid salt multilayer is different from that of the phospholipid film. When a phospholipid multilayer is immersed in water at elevated temperature, water molecules penetrate into the hydrophilic interfaces. Above the chain melting temperature T m , one observes a decrease in periodicity due to the conformational changes of the alkyl chains and/or the thinning of water layers in the interfacial area, 33 followed by a rapid increase in stacking periodicity because of the thickening of the water layers. 34, 35 Only monotonic decrease in periodicity is observed for our samples, however, even up to the highest temperature reachable. The difference between the phospholipid multilayer and the fatty acid salt multilayer arises from the fact that the strong Coulomb interaction between the carboxyl groups and the metal ions excludes the existence of a water layer at the polar region. Nevertheless, one still observed the enhanced fluctuations in the multilayers, even though the stacking periodicity is decreased.
B. Diffuse scattering and thermal fluctuations
The enhancement of the thermal fluctuation is also seen from the x-ray diffuse scattering profiles depicted in Fig. 5 . The diffuse scattering of a multilayered system is a unique transformation of the statistical height-difference correlation function defined by g ij ͑r͒ = ͓͗u i ͑0͒ − u j ͑r͔͒ 2 ͘, where u denotes the deviation from the mean position of the interfaces labeled by i and j. 25 The scattering function, which is proportional to the observed intensity at point ͑q x , q z ͒, can be expressed as 25, 36 
where r n is the reflection 37 and z n the position of layer n. The TCDA acid film is prepared by casting the solution onto the hyhrophilic silicon surface and allowing the organic solvent to slowly evaporate. During such a process the TCDA acid molecules separate out of the solution and recrystallize at the liquid-solid interfaces as the solution becomes eventually saturated. Like those observed for multilayers of stearic acid salt, 32 the interfacial morphology changes a lot after immersion in the salt solution for a long period of time. We have pointed out that the statistics of the interfaces follows the logarithmic scaling after the multilayer is fully hydrated in excess water, 24, 32, 38, 39 just like a lamellar liquid crystal whose interfacial fluctuation is described by the Hamiltonian, 
͑6͒
where B and K are the elastic coefficients which govern the compressional and bending modes of the smectic phase. The Hamiltonian results in the celebrated height-difference correlation function of Caillé, [40] [41] [42] g ij
where Ei͑x͒ = ͐ x ϱ t −1 e −t dt and = ͱ K / B.
The high resolution x-ray scattering has demonstrated the validity of Eq. ͑7͒ for bulk lamellar phase, at least on scales larger than several nanometers. 38, 39 However, the Caillé correlation function is valid only for bulk samples. The suppression of the fluctuations by the hard wall must be taken into account when the film is supported by a solid surface. Assuming the fluctuation of the first layer from the wall is totally suppressed, we can use u͑z i , q xy ͒ = ͐u͑q z, q xy ͒sin͑q z z i ͒dq z to represent the fluctuations of the membrane at a distance z i from the wall where u͑q z , q xy ͒ is the three-dimensional ͑3D͒ The effect of the hard wall on the fluctuation of the membrane is easily seen in Fig. 6 in which the heightdifference correlation functions are depicted for a multilayer with and without confinement. The correlation function of the confined multilayer deviates much from the Caillé scaling due to the fact that the interfaces have memory for the morphology of the surface of the substrate. Even if the surface of the substrate was mathematically smooth, Eq. ͑9͒ ensures that the correlation function saturates rapidly when the film is thin.
We have used Eqs. ͑5͒, ͑9͒, and ͑11͒ to fit the diffuse scattering curves in Fig. 5 . The corresponding compression and bending elastic coefficients of the film are shown in Fig.  7 . Both B and K decrease significantly with temperature when the sample is in water. But as with the reflectivity, the transverse diffuse scattering varied only a little with temperature when the sample is in air. The simulation resulted in B and K, which does not change much with temperature ͑see the filled symbols in Fig. 7͒ . What contributes then to the big difference in thermal behavior when the sample is in water or in air? Let us first discuss the effect of temperature on a fatty acid multilayer in general. The head groups in the fatty acid multilayer are locked together by the strong Coulomb interactions between the metal ions and the carboxyl groups. Two monolayers anchored by the metal ions look like a two-sided brush. In this sense, the structure is more like a Smectic-A liquid crystal composed of triblock polymers. 45 The added thermal energy enhances the fluctuations of the alkyl chains. This results in lateral density fluctuations on each side of the brushes besides the shrinkage of the chain length as has already been evidenced by the reflectivity curves. The lateral density fluctuations renormalize the curvature elasticity of the membrane. 46 This explains why the structure of the multilayers of fatty acids is sensitive to temperature. 47, 48 But the alkyl chains in our film are cross linked by polymerization. The brushes are very stiff because the lateral density fluctuations are suppressed by the cross linking, which fixes the distance between the chains. One expects that their curvature elasticity does not change much with temperature. This is actually what we have observed for the sample in air. However, if water molecules penetrate into the hydrophilic area, 14, 19, 32 they would bind either to the carboxyl group or to the metal ions. Moreover, the film loses some cadmium ions as the temperature is increased. The amount of water in the films may increase with the increase of temperature. Even though the number of the water molecules is too small to change the stacking period of the multilayer, they may weaken effectively the interaction between the carboxyl group and the metal ions. 14 The backbones of the brushes would thus be softened. A brush with soft backbones would fluctuate significantly at elevated temperature.
IV. CONCLUDING REMARKS
We have studied the structure of the polymerized 10,12-tricosadiynoic acid salt multilayers at different temperatures. Our special concern has been the thermal behavior of the multilayers when they are in contact with aqueous solutions. This is important because nowadays much attention has been focused on using the ordered structures of amphiphiles as templates to direct the growth of organic/inorganic hybrid materials. [10] [11] [12] [13] One needs to understand the interaction of the multilayers with water in most of the processes. The x-ray scattering is a powerful tool to study the thermal behavior of the multilayered amphiphiles, especially when the samples are immersed in excess water. Our results have shown that water plays an important role in determining the thermal dynamics of the multilayers of fatty acid salts, even though the amount of water that can penetrate into them might be too small to influence the stacking periodicity of the multilayers. It is believed that water might weaken the interaction between the carboxyl groups and the metal ions so that the polymerized bilayers are softened. Besides, the film loses some cadmium ions as the temperature is increased. The amount of water in the multilayer increases as the temperature is raised. These two facts lead to enhanced fluctuations of the polymerized membranes at elevated temperatures.
The polymerized fatty acid salt multilayers are special in many aspects. For example, the polydiacetylenes exhibit fully conjugated and planar backbones. They show very high carrier mobilities in chain direction and have very high thirdorder nonlinear susceptibility coefficient. The high mechanical and thermal stability of the polymerized multilayers is important for their applications. Moreover, diacetylenes can be incorporated into suitable phospholipid structures, and used for reconstitution experiments and certain functional cell membrane. 49 One expects that the structure of the polymerized multilayers will be more intensively studied in the future.
